A nanoparticulate CeO2 catalyst is presented that is able to oxidize cyclohexane to K/Aoil (a mixture of cyclohexanone and cyclohexanol) using hydroperoxides as oxidizing species. The improvement in selectivity with decreasing particle size suggests the existence of a structure-activity relationship in this process, and points to a preferential activation of cyclohexane at defective corner or edge sites. A detailed theoretical study of the reaction mechanism over three different CeO2 catalyst models shows that cyclohexane is preferentially activated by bi coordinated oxygen atoms present at the edges of small particles, following a Mars van Krevelen mechanism which has been confirmed by in situ IR spectroscopy and 18 O/
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Introduction
The liquid phase aerobic oxidation of cyclohexane to a mixture of cyclohexanone and cyclohexanol, called K/A-oil, is a relevant process in the chemical industry, with more than 10 6 tons of K/A-oil being produced every year. Cyclohexanol and cyclohexanone are precursors of adipic acid and ε-caprolactam, which are key intermediates in the production of nylon-6 and nylon-6,6 polyamides. [1, 2, 3] The actual industrial process for cyclohexane oxidation involves a first non-catalytic reaction of cyclohexane with O2
to form cyclohexyl hydroperoxide (Cy-OOH) and a second step, called deperoxidation, in which Cy-OOH is catalytically decomposed to cyclohexanol (Cy-OH) and cyclohexanone (Cy=O). The deperoxidation step is currently catalyzed either by an aqueous solution of NaOH containing Co 2+ cations [4] or by an organic solution containing Cr 6+ compounds [5, 6, 7] but it is becoming necessary, for environmental reasons, to replace such homogeneous processes that use catalysts in liquid phase with new non-toxic heterogeneous systems involving solid catalysts. Most efforts up to the moment have focused on the use of acid or metal exchanged molecular sieves, [8, 9] polymer and silica-supported transition metal complexes, [10, 11, 12, 13] or transition metal oxides and hydroxides. [14] While most of these materials show relatively good activities and selectivities to K/A-oil, some of them suffer from deactivation and/or metal leaching, thus preventing their industrial application. An additional point in the deperoxidation process is the possibility to use the oxygen in the hydroperoxide to simultaneously oxidize the alkane solvent, thus obtaining selectivities to K/A-oil larger than 100%. Such selectivities have been reported for homogeneous catalysts containing Ru [15, 16] and Os [17] in liquid phase, but not for heterogeneous solid systems.
In the search for an efficient and stable solid catalyst able to oxidize cyclohexane using Cy-OOH as oxidizing species, cerium oxide appears as a promising material. It 4 combines a well-known catalytic activity for oxidation reactions with not less interesting acid-base properties. [18, 19, 20, 21, 22] The oxidation activity of cerium oxide is often associated to its ability to undergo Ce 4+ /Ce 3+ redox cycles that facilitate formation and healing of oxygen vacancy defects, [19] which are the active sites where the oxidizing species, usually O2, is activated. According to theory, the formation of oxygen vacancies at some special positions present in small nanoparticles is more favourable than on extended surfaces, and also differs from one crystallographic plane to another one. [20, 21, 23, 24, 25] Thus, the easier formation of oxygen vacancy defects on the (100) planes of CeO2 has been used to synthesize a highly efficient catalyst for the oxidation of p-xylene to terephthalic acid, which is formed by threedimensionally self-assembled CeO2 nanocubes. [26, 27] In other cases this redox cycle does not participate in the reaction, and the catalytic activity of CeO2 is then related to acid-base chemistry associated to surface OH groups or Ce 4+ Lewis type sites. For instance, it has been experimentally and theoretically demonstrated that water dissociation on reduced ceria surfaces producing two surface OH groups does not require the Ce 3+ cations present, but occurs at Ce 4+ centers without involving any change in the oxidation state of cerium atoms. [28] [29] [30] [31] On the other hand, it has been found in our group that the selectivity of CeO2 in the case of an acid-base reaction, the carbamoylation of aromatic amines, can be rationally tuned by changing the crystal morphology, that is, the crystallographic facets preferentially exposed. [22] Based on all these considerations, we present now a nanocrystalline cerium oxide catalyst that is able to decompose Cy-OOH and simultaneously oxidize the cyclohexane solvent, yielding selectivities to K/A-oil larger than 100%. The synthesis procedure, catalyst characterization and catalytic performance in the oxidation of cyclohexane with tBut-OOH (tert-butyl hydroperoxide) and Cy-OOH is described in detail, and the 5 reaction mechanism is investigated by means of DFT calculations and in situ IR spectroscopy. It is found that bi coordinated oxygen atoms present at the edges of small cerium oxide nanoparticles are the active centres catalysing the dissociation of the C-H bond in cyclohexane, and that Cy-OOH preferentially decomposes at oxygen vacancy defects, thus closing the catalytic cycle. The process is fully heterogeneous, and the catalyst can be reused without loss of activity up to four cycles.
Experimental Section

Synthesis and characterization of catalysts
Commercial CeO2 and ZrO2 were purchased from Aldrichs (References 202975 and 204994). Commercial TiO2 (Mirkat-411) was purchased from Eurosuport. High surface CeO2 was provided by Solvay. A previously reported method was used to synthesize CeO2 nanostructures with different shape [22, 32] .
BET area measurements. Specific surface areas were calculated from dinitrogen adsorption isotherms obtained at 77 K with a Micrometrics ASAP 2420 Accelerated Surface Area and Porosimetry System analyzer, using the Brunauer-Emmett-Teller (BET) equation. The samples were pretreated in vacuum at 673 K for 12 h.
Transmission Electron Microscopy (TEM)
. TEM images were collected using a JEOL DEBEN AMT JEM-1010 microscope operating at 100 kV.
X-ray photoelectron spectroscopy (XPS)
. X-ray photoelectron spectra were collected using a SPECS spectrometer with a 150 MCD-9 detector and using a nonmonochromatic AlKα (1486,6eV) X-Ray source. Spectra were recorded using analyser pass energy of 30 eV, an X-ray power of 100W and under an operating pressure of 10 -9 mbar. During data processing of the XPS spectra, binding energy (BE) values were referenced to C1s peak (284,5 eV). Spectra treatment has been performed using the CASA software. Catalyst pre-treatment. The catalyst is calcined in static air (4 h gradient from room T to 400ºC, followed by an isotherm of 400°C for 4 h) and kept inside the oven until used.
Reaction procedure for tBut-OOH. The reaction is performed in a batch reactor consisting of a glass reactor vessel (chemical and thermal shock resistant, 20 mL Volume capacity, Duran Manufacturer), a vent valve (Gas inlet, for pressurizing/depressurizing the system with nitrogen), an outlet micro valve for sample taking, a pressure gauge, a thermocouple, and a magnetic stirring bar, which is stored inside the reaction media in the reactor vessel. To ensure that the reactor is completely clean and no traces of contaminants are present, it is first washed with acetone, then with cyclohexane, and after that dry air is passed through. 
Definition of terms. The reaction of interest is the oxidation of cyclohexane (Cy-H) with
Cy-OOH yielding cyclohexanol (Cy-OH):
Cy-OOH + Cy-H → 2 Cy-OH But the hydroperoxide can also directly decompose into cyclohexanone (Cy=O) and water according to:
Moreover, Cy-OH can be further oxidized to Cy=O, producing a mixture of both molecules (K/A oil). The selectivity of the reaction, which measures the degree of alkane oxidation, is calculated as:
When selectivity is lower or equal to 100%, the catalyst only decomposes Cy-OOH without oxidizing cyclohexane, and when it is higher than 100%, the catalyst is able to decompose the peroxide and oxidize cyclohexane at the same time. In the reaction between tBut-OOH and cyclohexane, all Cy-OH and Cy=O detected come from the oxidation of cyclohexane:
The selectivity in this case is calculated as:
And takes values between 0 if the catalyst decomposes tBut-OOH without oxidizing cyclohexane, and 100 if all tBut-OOH decomposed is used to oxidize cyclohexane. 
Calculation of Turnover Frequencies (TOF
Computational details
All calculations in this work are based on periodic density functional theory (DFT) and were performed using the Perdew−Wang (PW91) exchange-correlation functional within the generalized gradient approach (GGA) [33, 34] as implemented in the Vienna Ab-initio Simulation Package (VASP) code. [35] The valence density was expanded in a plane wave basis set with a kinetic energy cutoff of 450 eV, and the effect of the core electrons in the valence density was taken into account by means of the projected augmented wave (PAW) formalism. [36] All calculations are spin polarized. Integration in the reciprocal space was carried out at the Γ k-point of the Brillouin zone. Charge distributions were estimated using the theory of atoms in molecules (AIM) of Bader using the algorithm developed by Henkelman. [37, 38] Small CeO2 nanoparticles were simulated by means of a Ce21O42 and a Ce40O80 model systems previously described by Migani et al. [23] (see Figure S1 in the Supporting Information). These models contain two-coordinated O atoms at the edges between {100} and {111} facets, and three-coordinated O atoms in the {111} terraces, as well as Ce atoms in different coordination environments. The Ce21O42 and a Ce40O80 models were placed in cubic boxes of 20x20x20 and 30x30x30 Å 3 , respectively, large enough to avoid interactions between periodically repeated nanoparticles or adsorbates. During geometry minimizations, the positions of all atoms in the systems were fully relaxed without any restriction, and vibrational frequencies were calculated numerically. Larger CeO2 nanoparticles were simulated by means of a CeO2(111) slab model containing 36
Cerium and 72 Oxygen atoms in four CeO2 layers, that is, twelve atomic layers. During the geometry optimizations the atoms in the two bottom layers were not allowed to relax.
The accurate description of the electronic structure of CeO2, and in particular of the Ce 3+ cations present in the reduced material, is a challenging task due to the lack of cancelation of the self-interaction error in DFT that leads to over-delocalized electrons.
This can be solved either by using the so-called DFT+U approach, which consists of adding a Hubbard-type U term to the Ce 4f states that destabilizes the delocalized solutions, or by using hybrid functionals. A major drawback of the DFT+U approach is its non-universality, that is, the strong dependence of geometrical and electronic properties on the value of U, while the high computational cost of hybrid methods limits their application to reactivity studies such as that presented here [21] . We recently investigated the influence of the U value in the DFT+U approach on the theoretical description of the acid-base and redox properties of CeO2 nanoparticles of ~1 nm diameter, and we found that only the energy of formation of an oxygen vacancy defect varies by ~ 0.8 eV when the value of U increases from 0 to 4 eV. [24] For this reason, and taking into account the slower convergence of calculations with U=4 as compared to U=0, no Hubbard parameter has been used in this study.
IR spectroscopy
IR studies were performed on a Bruker V70 FTIR spectrometer using an MCT detector and acquiring at 4 cm -1 resolution. A glass IR cell allowing in situ studies in controlled atmospheres and temperatures from 25 ºC to 600 ºC has been connected to a vacuum system with gas dosing facility. For IR studies the samples were pressed into self-supported wafers and treated at 250 ºC in O2 flow (15 ml/min) for 2 h followed by evacuation at 10-5 mbar at 300 ºC for 1.5 h. After activation the samples were cooled down to 25ºC under dynamic vacuum conditions followed by cyclohexane adsorption at 12 mbar. Spectra were recorded at increasing temperatures from 25 ºC to 110 ºC. Gas phase spectra have also been collected at each temperature. At 110ºC tBut-OOH was co-adsorbed at 2 mbar. For IR band assignation Cy-OH (0. Figure S2 in the Supporting Information.
Results and discussion
Catalytic activity of CeO2.
Taking into account all the considerations about the influence of particle size and morphology on the catalytic performance of cerium oxide mentioned in the introduction, the deperoxidation of tBut-OOH was initially studied using two commercial samples of CeO2 with very different surface area, namely 13 m 2 /g for the low surface area sample (CeO2-LSA) and 222 m 2 /g for the sample with high surface area (CeO2-HSA). The presence of Ce 3+ cations in these systems was determined by XPS (see Figure S3 in the Supporting Information) and a similar concentration, ~8-12% 13 Ce 3+ , was found. Both samples were found active in the decomposition of the hydroperoxide and in the oxidation of cyclohexane (see Table 1 ). As expected, tBut-OOH conversion was considerably lower on the material with less surface area, but calculation of turnover frequencies (TOF) (see Table S1 in the Supporting Information) revealed a higher intrinsic reactivity of the active centres present in the CeO2-LSA sample. To confirm this trend, three new catalysts were prepared by calcining the CeO2-HSA sample at increasing temperatures (600, 700 and 900ºC), so that their particle size increased and their surface area decreased accordingly. While conversion continuously decreased with decreasing surface area, TOFs followed the opposite tendency.
Interestingly, the selectivity to K/A-oil was also found to vary with the catalyst particle size. The data summarized in Table 1 clearly indicate that the lower the surface area the higher the TOF and the worse the selectivity to K/A-oil. The role of surface morphology was explored by comparing the catalytic performance of CeO2 nanostructures, namely octahedra, rods and cubes, preferentially exposing the (111), (110) and (100) crystallographic facets, respectively (see TEM images in Figure 1 ). Nano-rods were found more selective than nano-octahedra, and the worse catalytic behaviour was obtained with nano-cubes. a TOFs calculated at low tBut-OOH conversion. Details in Table S1 in the Supporting Information.
The evolution of tBut-OOH conversion with time, plotted in Figure 2 , clearly shows the different reactivity of the eight CeO2 catalysts considered, with CeO2-HSA and CeO2-rods being the most active from the beginning of the reaction, and with activity continuously decreasing as a function of surface area. Figure 3 shows, however, that the intrinsic reactivity of the active sites, determined by the calculated TOFs, is higher on the samples with lower surface area. As mentioned before, the most interesting result from the point of view of industrial application is that selectivity clearly improves with 15 increasing surface area, following an almost linear relationship (see Figure 3 ). And this trend is maintained if only the experiments with significant conversion (larger than 65%) are considered. These results lead to the conclusion that there exists a structureactivity relationship in this process. The selectivity to K/A-oil is larger on smaller CeO2 particles irrespective of the preferential facets exposed, suggesting that cyclohexane activation occurs at defective corner or edge sites, whose relative concentration increases with decreasing particle size. On the other hand, the active centres present in larger particles are intrinsically more reactive towards decomposition of tBut-OOH.
Commercial TiO2 and ZrO2 were also tested for comparison, and despite their large surface area, they were found almost inactive and with a low K/A-oil selectivity (see Table 1 ). Next, the catalytic activity of the best sample, CeO2-HSA, was tested in the deperoxidation of Cy-OOH, using a solution containing 4.7wt% Cy-OOH in cyclohexane. After 6h reaction Cy-OOH conversion was 97%, and selectivity to K/A oil was 113%. These values indicate that the catalyst is decomposing the hydroperoxide and at the same time oxidizing cyclohexane. The TOF estimated for Cy-OOH decomposition at 27% conversion is 0,014 s -1 , better than those reported for mesoporous Co-TUD-1 (~0,003 s -1 ) [9] or silica-supported Ti-(~0,008 s -1 ) and Ta-(~0,010 s  -1 ) complexes [11, 12] . The reaction mixture was left overnight and after 21h 30 min reaction full conversion was reached with a maintained selectivity of 113%. The evolution of the reactant Cy-OOH and products Cy-OH and Cy=O with time is shown in Figure 4 . Cy-OH is formed from the beginning of the reaction and its concentration increases continuously with time until all Cy-OOH is decomposed. Formation of Cy=O is slower, but its evolution with time is similar to that of Cy-OH. No induction period was observed at short times suggesting that both Cy-OH and Cy=O are primary products. Finally, recycling tests were done to determine the stability and reusability of the CeO2 catalyst. A standard reaction was stopped at 80% Cy-OOH conversion. Then, the catalyst was allowed to deposit on the bottom of the reactor, the supernatant liquid was removed, and fresh reaction mixture was added for a new catalytic test. This procedure was repeated up to four times without loss in activity or selectivity (see Figure 5 ). 
DFT study of the reaction mechanism.
In order to understand the structureactivity relationship suggested by the experimental data and to identify the active centers participating in the activation of cyclohexane and in the decomposition of the hydroperoxide, the mechanism of cyclohexane oxidation with Cy-OOH was theoretically investigated using Density Functional Theory. Small CeO2 nanoparticles were simulated by means of the Ce21O42 and Ce40O80 models described in the Computational Details Section, while large CeO2 particles were simulated by means of an extended CeO2(111) surface model.
Cyclohexane activation.
Cyclohexane is the less reactive molecule present in the reaction medium, and the dissociation of its C-H bond is in principle the most difficult step in the process. A previous DFT study [24] showed that the bi-coordinated O atoms on top of the Ce21O42 nanoparticle are the most reactive sites on this model, and consequently we first explored the adsorption and dissociation of cyclohexane at this Taking into account the experimental indication that larger particles are intrinsically more reactive towards hydroperoxide decomposition, the process described above was calculated over the CeO2(111) slab model. The optimized geometries and relative stability of the structures involved are depicted in Figure S6 in the Supporting Information, and the calculated energy profiles for the complete mechanism over Ce21O42 nanoparticle and CeO2(111) surface are plotted together in Figure 9 . Cy-OOH 24 deprotonation over CeO2(111) surface is not as exothermic as on the Ce21O42 nanoparticle due to the lower basicity of three-coordinated O atoms, but involves a low activation barrier of 3,7 kcal/mol. The I2 intermediate resulting from deprotonation evolves to a more stable structure I2b (see Figure S6 ) in which the proton interacts with the O atom directly bonded to the C atom of the cyclohexyl ring. This interaction facilitates the dissociation of the O-O bond in I2b through transition state TS5, with an activation energy barrier of 17,2 kcal/mol, significantly lower than that obtained on the Ce21O42 system, 42,1 kcal/mol. Further protonation of the cyclohexoxy fragment through TS6 produces adsorbed cyclohexanol and a superoxide adsorbed species (P4 in Figure S5 ) with an activation energy barrier of only 2,3 kcal/mol. Alternatively, a H transfer from the carbonyl C atom to the O atom in the superoxide species via TS7 would produce cyclohexanone and an adsorbed hydroperoxide group (P5 in Figure S6 ).
However, the higher value of the calculated activation energy, 23,3 kcal/mol, suggests that cyclohexanol route will be preferred. nanoparticle. These data agree with the experimental observation that the TOF for hydroperoxide decomposition decreases with increasing surface area of CeO2 catalysts, and suggests that in the case of very small nanoparticles Cy-OOH will also decompose over low-coordinated Ce 4+ cations generating cyclohexanone.
IR study of cyclohexane activation.
The mechanism proposed according to the DFT study involves, on one hand, the decomposition of Cy-OOH over CeO2 (111) terraces or at Ce 4+ Lewis acid sites generating cyclohexanol and cyclohexanone and, on the other hand, the activation and dissociation of the C-H bond in cyclohexane at the most reactive bi-coordinated O atoms at the edges between {100} and {111} facets.
Cyclohexane oxidation follows therefore a Mars van Krevelen mechanism, and the role of the Cy-OOH oxidant species is to heal the oxygen vacancy defects generated in the formation of cyclohexanol. In order to confirm this proposed mechanism we studied, using in situ IR spectroscopy, the interaction of cyclohexane with the CeO2-HSA sample that was found to be the most active in the catalytic tests. Figure 13 shows the IR spectra of the clean CeO2-HSA sample (black line), after adsorption of cyclohexane (red line) and after co-adsorption of cyclohexane and tBut-OOH (blue line) together with the corresponding gas phase spectra.
After cyclohexane adsorption on CeO2-HSA at 110ºC, the appearance of IR bands at 1190, 1133, 1097 and 1040 cm -1 , corresponding to surface alkoxy species, is clearly observed ( Figure 13A , red line). The assignment is confirmed by the detection of similar IR bands after cyclohexanol adsorption on a clean CeO2 sample (see Figure S7 in the Supporting Information). Moreover, the corresponding IR gas phase spectrum ( Figure 13B , red line) shows the presence of cyclohexanol (IR band at 1140 cm -1 ), as a consequence of a fast cyclohexoxy transition to adsorbed cyclohexanol species and further desorption into the gas phase. Notice that the above discussed IR data have been collected in the absence of any oxidizing species, and therefore they confirm the theoretical proposal that the C-H bond activation in cyclohexane involves the participation of surface oxygen atoms and results in formation of adsorbed cyclohexoxy fragments. According to the theoretical study, the role of the oxidant is the healing of the vacancies, that is, the reoxidation of the surface. In order to proof this reaction mechanism, TBHP was co-adsorbed at 110ºC after cyclohexane dosing. An increase in the intensity of the IR band at 1133, 1097 and 1040 cm -1 corresponding to adsorbed alkoxy species is clearly observed ( Figure 13A , blue line), supporting the Mars van Krevelen mechanism discussed previously. In parallel, gas phase cyclohexanol is also detected ( Figure 13B , blue line).
While these experiments demonstrate the feasibility of a Mars van Krevelen mechanism, an alternative pathway involving the initial dissociation of the hydroperoxide on the catalyst surface generating adsorbed oxidizing species, these being responsible for cyclohexane oxidation, cannot be excluded yet. Therefore, an additional experiment was performed in which the CeO2 surface was first exchanged with 18 O2, and then interacted with a reactant mixture of cyclohexane and tBut-OOH. OH. The identification of gas phase Cy 18 OH is challenging due to the overlapping by gas phase Cy 16 OH, which shows a broad and asymmetric IR band. after 12 mbar cyclohexane adsorption at 110ºC (red line) and c) followed by 2 mbar tBut-OOH co-adsorption at 110ºC (blue line). *IR bands due to tBut-OOH. B (bottom)
shows the corresponding gas phase spectra. 
Conclusions
In the search for an efficient and stable solid catalyst able to oxidize cyclohexane using hydroperoxides as oxidizing species, a number of CeO2 catalysts with different particle size and shape have been synthesized and characterized. Analysis of their catalytic performance in the oxidation of cyclohexane with tBut-OOH evidences that the selectivity to K/A-oil improves with increasing surface area of CeO2 particles, irrespective of the preferential facets exposed. This finding suggests the existence of a structure-activity relationship in this process, and points to a preferential activation of cyclohexane at defective corner or edge sites, whose relative concentration increases with decreasing particle size.
A detailed theoretical study of the reaction mechanism shows that the dissociation of the C-H bond in cyclohexane is catalysed by bi-coordinated oxygen atoms present at the edges of small CeO2 nanoparticles. Cy-OH is formed in this step as primary product, generating oxygen vacancy defects that are healed by the subsequent decomposition of 
